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Design parameters are presented for various geometrical arrangements of the cylindrical mirror electron energy 
analyzer. The theory and operation of this high quality instrument are discussed and compared with an experi- 
mental device. Similar projjerties of a parallel plate analyzer with second order focusing are reviewed. 



INTRODUCTION 

The cylindrical mirror electron-energy analyzer has the 
primao' advantage that its cylindrical symmetry insures 
that all entering electrons which pass through the cylin- 
ders' coaxis will again be focused on the coaxis after 
leaving the analyser, making it possible to use the com- 
plete 2ir azimuthal angle. This focusing property is ex- 
tremely useful in collision experiments where a narrow 
beam of particles (photons, electrons, or ions) collides 
with a gaseous target producing secondary energetic 
particles along a well-defined axis. Furthermore, the cylin- 
drical mirror analyzer can be designed to have the unusual 
feature of accepting electrons which have a relatively 
large spread in entrance angles without suffering a largie 
degradation in resolution. That is, for a given energy 
resolution determined by the finite size of the source and 
the exit slitwidth, monoenergetic electrons with a large 
spread in entrance angles will be transmitted or focused 
through the analyzer. The entrance angle is defined by 
the initial electron pa.th and the axis of the analyzer. 
On the other hand, entering electrons having energies 
which differ from the specific electron energy being ana- 
lyzed are dispersed quite well. For two analyzers of com- 
parable dimensions, i.e., the same sized source and exit 
slit and the same separation between the entrance and 
exit slits, the one with larger energy dispersion will have 
a higher energy resolution. 

The equation for the trajectory of an electron passing 
through the analyzer is discussed in the next section. Also 
an expression for the energy resolution is derived in order 
to establish the criteria for good design parameters. The 
choice was based on achieving the maximum electron 
transmission for a given entrance angle spread with the 
least degradation in the energy resolution. In some ex- 
periments, however, the range of entrance angles is re- 
stricted sufficiently by a set of apertures so that optimurn 
transmission is not necessary, allowing one considerable 
freedom in choosing the mean entrance angle. A wide 
range of entrance angles is especially important in beam 
collision experiments designed to accept the total azi- 
muthal angle and also designed to measure the relative 
heights of electron spectral lines at different angles. 

Since the cylindrical mirror analyzer has definite advan- 
tages, e.g., complete azimuthal acceptance angle, high 



order focusing, and high resolving power, it is felt that the 
cylindrical mirror analyzer would be in wider use were it 
not for the difficulties involved in calculating the design 
parameters from the equations of motion. Therefore, the 
expression for the trajectory of an electron inside the 
analyzer, which cannot be solved analytically, was evalu- 
ated numerically in order to extract the design parameters 
for constructing practical analyzers. Presented below is a 
table of the design parameters for the optimum focusing 
configuintion and several parametric graphs for the next 
best transmission condition. These results are more accu- 
rate and more extensive than the previous calculations of 
Zashkvara and Red'kin^ and Aksela et al.y^ who gave illus- 
trative graphs and tables for a limited range of source 
image positions. Sar-El» and Zashkvara ei a/.* dealt only 
with the case where the source and image were positioned 
along the c\'linders' coaxis. Our parametric graphs provide 
new results which will allow greater design freedom. Also, 
in the last section of this paper the measured energy reso- 
lution of our experimental cylindrical mirror analyzer 
is shown to agree quite well with the predicted resolution. 

REVIEW OF PREVIOUS INVESTIGATIONS 
Theoretical 

Although an e.xperimental version of this analyzer was 
reported aS early as 1952,*^ theoretical descriptions of the 
angular focusing were not written until the mid-1960's by 
Zashkvara el al.^ and Sar-Ei.^ Sar-El extended his treat- 
ment to relativistic particles.* Zashkvara and Red'kin* and 
Aksela et air discussed the freedom one has in choosing the 
location of both the electron source and its image while 
maintaining its high degree of focusing. This property 
was independently discovered in our laboratory during the 
analysis of our experimental cylindrical mirror analyzer, 
shown schematically in Fig. 1, which was designed using 
Sar-El's parameters.' In our case, the cylinders were only 
partial in order to allow an electron beam to enter the 
analyzer. The source of the beam was located far away 
from the analyzer. The analyzer fringing fields were re- 
duced by using electrodes inserted between the outer edges 
of the two c> linders and set at the appropriate potentials 
to maintain the radial electric field inside the analyzer. 

Previously the concentric spherical deflector analyzer' 
was considered the best electrostatic analyzer known; how- 
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FiQ. 1. Experimental 
arrangement, shown 
schematically, of the 
electrostatic, cylindri^ 
mirror electron-energy 
analyzer. 



ever, Hafner et al,^ found that the cylindrical mirror ana- 
lyzer had significantly superior focusing and dispersion. 
Lately, Sar-El proposed a new figure of merit in order to 
compare various types of analyzers.^ Sar-EPs figure of 
merit is proportional to the transmission of a diverging 
beam of monoenergetic electrons incident on the analyzer 
entrance aperture. The transmission is directly related to 
the solid angle of the beam accepted by the analyzer and 
is also a function of the analyzer energj' resolution. Using 
Sar-el's results, one finds that for an analyzeir with an 
energy resolution less than 30% (ratio of the full width at 
half -maximum to the mean electron energy) the cylin- 
drical mirror analyzer is better than the spherical de- 
flector. High quality analyzers have resolving powers 
which are much higher than this, i.e., a good analyzer 
should be able to resolve two peaks in an energy spectnun 
that are separated by less than 5-10% of the mean electron 
energy. Our experimental analyzer, for example, had . a 
resolution of f %. 

Recently, Green and Proca^o reported a new focusing 
design for the parallel plate analyzer. Since its focusing 
properties are similar to the cylindrical mirror analyzer, 
their results are reviewed below. 

Experimental 

Several experimental versions of the cylindrical mirror 
analyzer have been reported. Blauth" used a design that 
analyzed secondary electrons which were emitted at 54.5** . 
from the coaxis. Since the electron source and image were 
close to the inner cylinder, the maximum angular focusing 
was not practical and only first order focusing was realized. 
Mehlhom" used this same design for his extensive Auger 
spectroscopy measurements. Ogurtsov, Flaks, and Avak- 
yan" described a method for observing electrons ejected 
at angles other than 54.5° by placing an additional trans- 
parent cylinder between the axis and the inner cylinder 
and applying a potential to it to deflect the electron tra- 
jectories. They claim a practical range of 30-75"^ ; however, 
no angular distribution measurements have yet been 
reported." 

Recently Harting^^ described a method where, by using 
the cylindrical mirror analyzer, angular distribution 
measurements could be made without the need of mechan- 
ically rotating any apparatus inside the vacuum chamber. 
An electron gun was placed at right angle to the cylinders' 



coaxis and six sets of entrance and exit slits were cut 
around the inner cylinder corresponding to scattering 
angles every 20° between 40 and 140°. Electrons, which 
were emitted from a point where the electron beam and 
target particles intersected, passed into the analyzer. The. 
entrance angle (the same for all electrons) was 51°. As with 
the above versions, the source and image were assumed to 
He on the inner cylinder and first order angular focusing 
was employed. Since electrons from all angles, defined by 
the entrance and exit slit, were analyzed, six separate elec- 
trodes were placed immediately before the particle muUi- 
plier. A potential could be applied to each electrode in order 
to. deflect the electrons away from the particle multiplier, 
thus allowing electrons from each angle to be detected 
separately. In this version, the azimuthal symmetr>' of the 
cylindrical mirror analyzer was exploited for angular 
distribution measurements rather than for a laiger azi- 
muthal acceptance angle. 

The experimental apparatus of Vassilev, Baudon, 
Rahmat, and Barat" utilized second order focusing to 
observe scattered ions betweien 3 and 19*. The scattered 
ions were deflected by a conical electrostatic mirror which 
transformed the slope of the initial trajectories to 34 and 
50* respectively. The large spread of ±9° around the mean 
entrance angle of 42° can be accommodated by the cylin- 
drical mirror analyzer when designed for . second order 
focusing. 

PARTICLE DYNAMICS 
Theory 

Figure 2 defines the geometrical parameters for this 
analysis. The electrons with kinetic energ>- E (eV) are 
assumed to pass through the coaxis (the z axis) before 
entering the analyzer at an entrance angle $, This assump- 
tion implies, of course, that the electron angular momentum 
is zero about the z axis, and greatly simplifies the equations 
of motion. The case for electrons which pass close to, but 
not through the z axis is considered in a subsequent sec- 
tion in this paper. Once the electrons enter the analyzer, 
they are deflected to the inner cylinder by the voltage 
Vd on the outer cylinder of radius b. If this voltage is 
chosen correctly, the electrons travel in an arc and leave 
the analyzer continuing in a straight line to the image 
located at d,. If the exit slit has a finite width, then elec- 
trons with energies slightly different than E will also pass 
through the exit slit. (It is assumed in this analysis that 
the location of the exit slit defining the resolution coincides 
with the image.) Likewise, the finite size of the electron 
source produces an analogous effect. The entrance slit, 
which defines the mean entrance angle and the angular 
spread, can be placed anywhere between the electron source 
at rf, and the inner cylinder. Also, electrons with the same 
energy but with a spread in entrance angles can also pass 
through the exit slit. However, the resolution can be de- 
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graded by this angular effect since electrons with different 
energies but with the correct combination of energy and 
entrance angle can be deflected through the exit slit. By 
solving the equations of motion the electron trajectory 
and the resolution can be predicted. 

Trajectory 

The equation of motion for the electrons' radial trajec- 
tory inside the analyzer (with zero angular momentum) 
is ^ 

mf=^|^^/ln(6/a)]l/r, (1) 

where r is the radial distance from the z axis. From this, 
one can find (see Ref. 3, for example) the total distance 
along the z axis that the. electrons with energy . £ travel 
from soui-ce to image, 

ao= {d,+di) cotfli+4dfe« cos^c* / €-^\iu, (2) 

' 

where k=(E/;yd) in(b/a)i Only the total distance from 
the source and the image to inner cylinder is important, 
i.e.,, d,+di; thus the electron source and image can be 
placed in any asymmetrical configuration for a particular 
d=dt'hdi. Since the maximum radial range from the z 
axis for the electrons inside the analyzer is 



r„ = a exp(;^ sin^^), 



(3) 



the calibration constant C=^d/E must be larger than sin^ 
to prevent the electrons from hitting the back deflection 
plate. 

Diffuse Source 

Occasionally there is an ambiguity in defining the cylin- 
drical source, and consequently the distance rf,. For a small 
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Fig. 2. Electron tra- 
jectory inside a cylindri- 
cal mirror energy ana- 
lyzer. Top, end-on view 
view; bottom, side view. 





Fig. 3. Schematic representation of the electron source defined by two 
apertures collimating a diffxise electron beam.- 



surface emitting photoelectrons or thermionic electrons, 
dt is the perpendicular distance from the inner cylinder to . 
the emitting surface. The size of the electron source is 
simply that portion of the surface where electrons are 
created which pass into the analyzer. However, in most 
collision experiments the electron source is defined by two 
apertures which collimate a diffuse source of electrons. 
The two apertures, shown schematically in Fig. 3, define a 
penumbra in the collision region whose limit is indicated 
by two lines, each of which psisses from one edge of one 
aperture to the opposite edge of the other aperture. The 
point, at which these lines cross locates d^ for a diffuse elec- 
tron source. Furthermore, when dealing' with a diffuse 
electron source the effective size of the source is determined 
by the two apertures. If the widths of the two apertures 
are denoted by wi and wz and if li and are, respectively, 
the perpendicular distances from apertures 1 and 2 to the 
crossing point, then the effective size iog of the source is 
found using the expression 



(4) 



However, if the aperture closest to the inner cylinder is 
the smaller of the two, then the effective size of the electron 
source is equal to the width of the smaller aperture. 

RESOLUTION 

Taylor's Expansion 

The resolution of an analyzer is conveniently described 
analytically by the base resolution. The base resolution is 
defined as the width of a spectral line measured at its 
base divided by the mean energy of the peak. In order to 
predict how far electrons with incorrect energy or entrance, 
angle will either overshoot or undershoot the distance Zo 
from source to image, one expands the distance in a 
Taylor's series about both a variation in energy A£ and in 
entrance angle Ad, 



Source 
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where 4^==^— ^0 and AE^E—Eq; 
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where c»y is the binomial expansion coefficient. The first 
series in Eq. (6) gives the degradation in resolution due to 
entering electrons with a finite spread in entrance angles. 
The individual terms in this series correspond to the degree 
of focusing associated with an analyzer. If the first partial 
derivative is zero, then one has first order focusing. High 
quality analyzers usually satisfy this condition. The un- 
expected result is that the cylindrical mirror analyzer can 
also have second order focusing since the various geo- 
metrical relationships can be chosen so that the second 
derivative equals zero. 

Dispersion 

The base resolution R=^AE/E is found by inverting, 
Eq. (6). Since most of the terms in Eq. (6) are negligible 
compared to Xdt/dE)AE, this inversion procedure is 
greatly simplified. The linear energy dispersion is found 
from the first term of the second series. The dispersion is 
defined by , . 

D^Edz/BE, . (7) 

The cross terms are neglected because they are always 
much smaller (by a factor of AE/E) than any remaining 
terms. 

Ang^ular Aberrations 

Before an expression for the resolution can be written, 
consideration must be made, in the first series, for the 
fact that odd ordered terms will produce exactly twice as 
much separation in the z direction as will the even terms. 
That is, if one writes 



« 1 d*z\ 
A2;(A^)-E {ASy, 



(8) 



then the sign of the even terms in the series will be the 
same for both positive and negative A^, while the sign for 
the odd terms will be the opposite. Therefore, when calcu- 
lating the total variation A2r(+A^, — A^) in the trajectory 
along the z axis, the direction in which Ajs increases for 
both positive and negative acceptance angle spreads must 
be taken into account. If A2(+A^) and Az(— A^) are in the 
same direction, that is, if they have the same sign, then 
the total Azt is equal to the absolute value of the larger 
of Az(+Ad) or A2(-A^). If Az(+A^) and Az(-A^) are in 
the opposite direction (have opposite signs) then 
Azr= |As(+A^)-Az(-A^)|. 



Exit Slit Effect 

There is a direct correspondence between the spread Az 
as expressed in Eq.' (6) and the artificially induced spread 
due to the size of the source and the finite exit slit. One 
must be careful to use the correct geometrical projections 
of the slit (or source) when calculating the resolution. 
The slit projection must, of course, be in the same direc- 
tion as the dispersion, i.e., along the z axis. Therefore, the 
correct length is the elongated one which is found by 
projecting the islitwidth along the mean direction of the 
electron beam to the 2 axis. That is, if an exit slit is 
placed normal to the electron path, the z component of the 
exit width is - 

We/sin^. (9) 
Finite Source 

The effect of the finite size of the electron source which 
also degrades the • resolution, can be best considered by 
dividing the problem into two parts: those electrons which 
pass through the z axis but are distributed along the axis, 
and those electrons which have a straight line trajectory 
passing by the axis at some distance of closest approach. 

Electrons Passing through the Axis 

That part of the source which is extended along the z 
axis only increases the resolution in the same manner as the 
exitslit,^^ 

R{^o,;)^ivjD, (10) 
where w,^ is the length of the source along the z axis. 

Off^Axis Electrons 

The off-axis electrons are assumed to pass by the z axis 
at a distance of closest approach r^. By conservation of 
angular momentum after the electrons are deflected by the 
radial field between the cylinders, they will again pass by 
on the opposite side of the z axis at a distance of closest 
approach r^. If the ratio of to the inner cylinder radius 
is small, then the two points of closest approach and the 
z axis will almost lie in the same plane. Since only the 
radial part of the kinetic energy will be analyzed and since 
this is less than the kinetic energy of the electrons which 
pass through the axis, the off-axis electrons will fall short 
of the image point r/,-. The radial part of the kinetic energy 
for electrons entering at ^ is 



(11) 



Therefore, the expression for the degradation of the reso- 
lution due to off-axis electrons is 

R(rc) = irc/ay. (12) 

Base Resolution 

Using the above expressions, Eq. (6) can be solved 
approximately for the base resolution, 
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where w,, is the effective size of the electron source along 
the z axis, We^ is the projected exit slit width along the 
z axis, and D is the dispersion. To achieve the optimum 
anal>:zer design (the highest transmission along with the 
highest resolving power) one usually equates the first and 
third terms in Eq. (13)." 

Explicit expressions for the first three partial derivatives 
with respect to 6, the aberration constants, and for the 
disp>ersipn are listed in the Appendix. 

Minimum Beamwidth 

The sniallest width of the deflected electron beam does 
not occur exactly in the image plane when second order 
focusing is achieved. Hafnere/ al.^ and Aksela ei aL^ have 
pointed out that since the third partial derivative is 
negative, the minimum width occurs slightly before the 
beam conies to a focus at the image plane. The position of 
this minimum width depends directly on the entrance 
angle spread. For d=2a and A^==fc^**, the position is less 
than 0.1a from the z axis. This is a relatively small cor- 
rection which decreases in importance when the finite size 
of the electron source is taken into account.* Recently, 
Aksela** compared in detail the energy distribution of 
electrons transmitted through a cylindrical mirror ana- 
lyzer at the location of both the minimum trace width and 
the image of the second order focus. When the effect of a 
large divergence in entrance angles is greater than the 
effect due to the size of the slitwidths, that is, when the 
third term in Eq, (13) is much larger than the first, 
Aksela found that the base width of the energy distri- 
bution was smaller at the minimum width location; 
however, the FWHM was significantly smaller at the 
second order focus. Furthermore, the distribution at the 
minimiun width exhibited two sharp peaks. These double 
peaks could produce serious complications in spectrum 
analysis. When the effect due to the size of the source and 
exit slit is not negligible, then the double ]>eaks are 
smoothed out and the FWHM for both distributions are 
comparable. Proca and Green*^ reported similar results for 
the parallel plate analyzer with second order focusing. 

ANALYZER ENERGY CALIBRATION CONSTANT 

The calibration constant for an energy analyzer can be 
set arbitrarily. If Vd/E=^C is set equal to unity, the ana- 
lyzer deflection voltage will correspond directly to the 
energy making it convenient to identify lines in energy 
spectra. Also, if a constant analyzing voltage is used, 
that is, if the voltage between the outer cylinder and the 
inner cylinder is held constant, the energy scale for an 
electron spectrum will be linear. This procedure is ex- 
tremely useful in precise separation measurements of 
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Table I. Design parameters for the cylindrical mirror analyzer 
with second order focusing.. (All lengths -are. in units of the inner 
cylinder radius a.) ■ . . 
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energy sp>ectra. However, electrons with different initial 
energies will be either preaccelerated or decelerated 6y 
different amounts before entering the analyzer which may 
affect the relative heights of the spectral lines since the 
electron collection efficiency of the lens changes with 
voltage* By setting C = 1 one can easily determine whether 
the magnetic field inside an analyzer is zero.^ 

For the cylindrical mirror analyzer the analyzer con- 
stant C = \_{\n{b/a)~\k-^ can be evaluated by measuring the 
analyzer dimensions a, b, Zo, and 9 and then numerically 
solving the equation 

zo-d cote-'^a^k cosffe* / e-«Vfi=0. (14) 

^0 

Note that d and 2o are not, of course, independent of one. 
another. 
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DESIGN PARAMETERS 
Second Order Focusing 

The optimum transmission for the cylindrical mirror 
analyzer occurs for second order focusing. For each source- 
image location d, this requires evaluating numerically the 
entrance angle BXh/aY^^*, and Zo for the condition 

d2/(9^=aV5^- = 0. (15) 

These design parameters are tabulated in Table I along 



with the dispersion and dH/d&^ so that one may calculate 
the base resolution using Eq. (13). In using Table I, one 
simply chooses the total source-image distance d from the 
inside surface of the inner cylinder. The remaining design 
parameters, then, are fixed. If one has complete design 
freedom, the least degradation occurs for // = 3a since the 
absolute value of the aberration constant (3LD)~*aVd^ 
has a minimum there of 2.746a/rad». On the other hand, 
this aberration term varies little with d reaching a maxi- 
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mum of 4.1a/rad' and 3.4a/rad' for rf=0.1a and 100a, 
respectively. 

First Order Focusing 

In some exj)erimental configurations it may be desir- 
able to use both the complete Iir azimuthal acceptance 
angle and also a large range of entrance angles. For ex- 
ample, one may wish to measure the relative angular 
. distributions of several electron peaks due to ion-gas 
collisions. If the unknown electron angular monientum 
associated with a peak is greater than unity, e.g., p, d, or 
/ electrons, careful discrimination of the relative peak 
heights is necessary at several angles in order to determine 
the unknown angular momentum of the electrons. The 
requirements for second order focusing are quite restric- 
tive. If the source and image lie completely within a 
closed cylinder and if second order focusing is used, then 
$ ranges between 30 and 45**. However, if one can limit 
the entrance acceptance angle so that first order focusing 
will be sufficient so as not to seriously degrade the base 
resolution (d^z/d^j^O), then the range can be easily 
extended from 10 to 70**. The design parameters for first 
order focusing are shown as parametric curves in Fig. 4. 
The partial derivative dH/d&^ and the dispersion are in« 
eluded in these graphs for predicting the resolution. The 
usual case in ion collision experiments specifies thatf/<2a 
if one wishes to use the complete azimuthal angle. 

COMPARISON OF SECOND ORDER FOCUSING 
WITH A PARALLEL PLATE ANALYZER AND A 
CYLINDRICAL MIRROR ANALYZER 

Green and Proca*** have shown that the parallel plate 
analyzer can have second order focusing. This result may 
be surprising; however, the equations describing the tra- 
jectory of electrons inside a cylindrical mirror and in a 
parallel plate analyzer are quite similar, and when both 
analyzers are properly designed, second order focusing can 
be achieved. 

It is interesting to compare Eq. (2) with the much less 
complicated equation for a parallel plate analyzer. Using 
Fig. (2) to define similar dimensions, the total distance ah 
electron travels along the z axis for a constant electric 
field is 



ao= cot^+2(£/Krf)A sin2^, 



(16) 



where h is the plate separation. The first term in this 
equation allows one the freedom to operate the parallel 
plate analyzer with second order focusing. That is,, since 
two of the three variables are independent (d, r/.+</i, and 
A), one can adjust two of them so that both 

dz/ae=Q and dV5^=0. (17) 

For the parallel plate analyzer the partial derivatives 



are 

dz . E 

^ = —d sin"*^+4A — cos2&, 

dd Va 

d^z E 

— = 2d sirr^e cosd —Sh — sin2d, (18) 

dH E 

— -2rf(l+2 cos*^) sin-*^-16A— cos2^, 

and the dispersion is 

D=2h(E/Va) sinld. (19) 
Second order focusing occurs only for ^=30* and for 

d=^d.+di=^ih(E/V4). (20) 
The base resolution in this case is 



— — >^C(+Afl)»- (-Atf)']. 
ySkiE/Vj) 3 



(21) 



Comparing this result for the aberration constant R{A$) 
= I (3 \D)'^^d^z/d&^ I with the cylindrical mirror analyzer, 
one finds that the parallel plate analyzer has a larger 
degradation in resolution due to a finite acceptance angle 
spread. For the parallel plate analyzer the aberration 
constant -is 

^(A^) =4.6 rad-» at 5=30^ 

For the cylindrical mirror analyzer, 

i2(A5) =2.8 rad-» for rf=3a at ^=44.3^ 

Not only does the cylindrical mirror analyzer have better 
transmission than the parallel plate analyzer with second 
order focusing, but it also disperses the energy more. 
Thus, for comparable dimensions the cylindrical mirror 
analyzer is capable of higher resolving power. For example,, 
suppose one compares a cylindrical mirror analyzer with 
^/=3a, 2o.„ = 8.3a, Dcm = 8.1a, and b/a^AJ (see Table I) 
and a parallel plate analyzer with 2opp= and Dpp^ 
assuming for convenience that E—Vd and that the appro- 
priate dimensions for comparison are the radius of the 
outer cylinder b and the plate separation A. In order to 
make the analyzers comparable, one sets Zq^^ — Zq^^^ and 
finds that A =0.68^. Therefore, Dem, is 1.46 times larger 
than Dpp and the base resolution for the cylindrical mirror 
analyzer using Eq. (13) will be better for the same slit 
width sizes. 

The most common parallel plate analyzer^i jg designed 
with the source and image defined by the entrance and exit 
slits in the analyzer's front plate; therefore, rf,+f/i = 0 and 
only first order focusing is achieved because for ^ = 45°, 



Also, 



d22/a^=_8A£/Kd. 
dV5^=0 at 45'*. 



(22) 
(23) 
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Fig. 5. FuU width at half-maximum vs electron energy. The 
straight line is a linear least squares fit to the experimental data 
weighted by the number of measurements taken at each point. The 
linear increase in the FWHM is predicted by Eq. (13). 



EXPERIMENTAL ANALYZER 

Our cylindrical mirror analyzer was used to measure the 
electron spectra produced in H--gas target collisions. In 
addition to testing the analyzer with a beani of electrons 
from a hot cathode source, we have used several peaks in 
the continuous electron spectrum from H" collisions. 
These lines are identified as autodetaching states of H" 
produced during a collision of with a neutral gas 
atom.** 

The analyzer resolution was measured using a beam of 
electrons from a cathode ray tube assembly. The initial 
energy of the electrons was 30 eV with an FWHM of ap- 
proximately 0.2 eV. In order to determine the resolution, 
the electron energy E was changed by preaccelerating or 
decelerating the electrons before they entered the field of 
the analyzer. This was accomplished by adjusting the 
voltage of the inner cylinder.^o ^ Equation (13) shows that 
the spread in electron energies A£ will increase linearly 
with increasing electron energy E. The energy spread we 
measured was the FWHM. Figure 5 illustrates the mea- 
sured linear relationship between the FWHM and the en- 
ergy of the electrons. The straight line was determined 
from a linear least square fit to the experimental data with 
each point weighted according to the number of determi- 
nations made. The slope of this line is the value usually 
quoted for the experimental resolution. 

FWHM= (O.0045d=O.00O2)£+ (0.16db0.01). (24) 

Figure 6 exhibits the measured electron energy distribution 
for several analyzing energies E, The electron gun from a 
CRT was used for the source of electrons. Since the distri- 
bution was triangular with rounded comers, except at 
very low analyzing energies, the base resolution was 
exactly twice the FWHM resolution. Therefore, the mea- 
sured base resolution is 



i2=0.0090d=0.0004. 



(25) 



This result is in excellent agreement with the predicted 
base resolution shown below in Eq. (30). 



The dimensions of our experimental analyzer were 

d = 2a 2;o=7.772=t0.013"cm, 
a=1.270±0.003cm, ^=42.5**, 
6 = 4.717dz0.003cm, A5 = =tL0% (26) 
w.=0.023db0.003 cm, ?£^e=0.017±0.001 cm, ' 
rc= 0.023 cm. 

The calculated analyzer constant was 1.0031 ±0.0045. By 
measuring the effect of a magnetic field in our analyzer, 
an e.xperimental determination showed^ 



C=0.9995 



+0.0005 
' -0,0019" 



At ^=42.5**, the dispersion is 5.642a using Fig. 4. With 
these values for our analyzer and using iEq. (13), one finds, 
that 

i^Cw'.^We^ = 0-0083=t 0.001 1, 
Rite) =0.0003. 



(27) 



Using Eq. (8) to find Azy, 



\ dH 1 dH 

Az(A^)~ (Ad)2+ (Ad)3-fr . . 

2! dd* 3! 

Froni Fig. 4 and Table I, 

=-0.3a/rad2, =-97a/rad3. 

For our acceptance angle A^=dbl.O^, one finds 

Az (+ A?) = - 1 .3 X 10-^^a, 
Az(-Ad)=0.4X10-*a, 



(28) 



(29) 



and 



A2r(+Ad, -Atf) = 1.7X10-*a. 



Clearly, the angular aberrations produce a negligible 
effect and 

i? = 0.0086±0.0011. (30) 
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Fig. 6. X-Y recorder tracing of the electron energy distribudon. 
The initial electron energy was '^27 eV before entering the analyzer. 
Voltage between the inner and outer cylinders determined the 
analyzing energy. The analyzing energy was 5 eV for (a), 30 eV for 
(b), and 60 eV for (c). The asymmetry in the low energy peak (a) is 
probably due to the Maxwellian distribution of electrons from the hot • 
cathode. 
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As seen here, in the case of small acceptance angles the 
resolution is completely determined by the finite slit- 
widths. The angular term in Eq, (29) equals the slitwidth 
term only when AS is increased to z±=9**. Therefore, in all 
experiments with small acceptance angles, it may be 
necessary only to utilize first order focusing for good 
resolution rather than to restrict the experimental ar- 
rangement to second order configurations for the cylin- 
drical mirror analyzer. 
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APPENDIX 

For completeness, the energy dispersion and the first 
hree partial derivatives of z with respect to ^ for the 
cylindrical mirror analyzer are listed below : 

D=Edz/dE=ak sin2d 

. -\-(2ak^cosB+^ak^cosasin^)WI, (Al) 

dz/de= -d sin-^+4ak co&^ 

+ (Sak^ sine cQS^-4ak^ sintf) W^/, (A2) 

iz/de^=2(l sirr-^e cosB— Uak cosS sin^-fSa;^ sin^ cos^ 
j + (8aJfe* cos^— 24ak^ sin^e cos^— 4aife» cosB 

0 +16ak^sin^cos^)WI, (A3) 

sin-^ cos^-2d sin-2^+12a* sin^^ 
— \6ak cos^-f \6ak^ cos*^— 48a)fe2 sin^^ cos^^ 
+ i(>ak^ sin2» cos^+ {—tOak^ sinO cos^-^2^k^ sin^tf 
-f-4fli^* sine+48ajfe* sin^ cos^—96ai^5 sin'^ cos^d 

+32ajfe'/*sin3dcos*e)VF/, (A4) 



. where 

PF=exp(jfesin2a), /= / 



and k= (E/Vd) In (6/^) The definite integral / was evalu-* 
ated using a polynomial approximation.^* 
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